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Abstract

Phosphorus presents a limited, irreplaceable and essential nutrient necessary for the growth of organisms. There is an increas-
ing effort to recover phosphorus from production waste streams. Sewage sludge presents an important source of phosphorus
but also contains organic pollutants and heavy metals. Thermal treatment technologies seem to be a promising option to
treat sewage sludge and obtain ash/char from which high recovery rate of phosphorus can be reached. In this review, sewage
sludge management options in compliance with EU legal requirements are first reviewed. Follows, an overview of sewage
sludge thermal treatment technologies including incineration, hydrothermal carbonisation, pyrolysis and gasification, for
the purpose of phosphorus recapture. We summarize recent advances in thermal treatment processes of sewage sludge and
phosphorus recovery, identify challenges and knowledge gaps. Thermochemical methods proved to have many advantages
over pure wet chemical methods for phosphorus recovery. The review provides the foundation for future research aimed at
achieving efficient, economic and environmental sustainable recapture of phosphorus from sludge thermal treatment products.
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Statement of Novelty

This is the first review paper that, to our knowledge unites
several relevant issues in a single manuscript incorporating
the general story about phosphorus, the legal background for
sewage sludge management, a description of sewage sludge
thermal treatment technologies and the transformation of P
species during these processes. It also gives an overview of the
state of the art technologies used for P recovery from sewage
sludge ash. It also includes the description of new technology
for P recovery from sludge ash, aimed at extraction of phos-
phorus during the incineration process itself.
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Introduction

Phosphorus (P) is a limited, non-renewable resource, but
is a vital nutrient for the growth of organisms, and cannot
be replaced by other elements [1]. Nowadays it is gener-
ally applied to soils and is fortified in foods in quantities
vastly in excess what can be uptaken so is largely wasted
although it is a limited resource on Earth. This was con-
firmed by European Commission (EC) which added the
phosphate rock to its list of critical raw materials in 2014
(EC website). Demand for P fertilizer has increased with
an increase of population. The intensity of global fertiliser
application amounts on average to 10 kg P/ha/year but
this varies significantly between regions and countries.
In 2017, 1.34 million tonnes of phosphorus fertilizer was
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Fig. 1 P fertilizer consumption by agriculture in EU-28 from 2009 to
2017 ( source data based on: Eurostat, 2019)

used in EU agriculture, which is 34% higher compared to
year 2009, presented in the Fig. 1.

From the global perspective, the distribution of the
increase in P fertilizer consumption for the period 2014 to
2018 is summarized in Fig. 2. The highest increase in con-
sumption of P fertilizer for the stated period was in South
Asia, while the lowest was in West Europe (FAO 2018).

Based on data provided by Heffer et al. [2] only five
countries, Morocco (74%), China (5.5%), Algeria (3.2%),
Syria (2.7%) and Jordan (2.2%) control 85 to 90% of world’s
remaining reserves, as presented in Fig. 3.

Environmental issue related to sewage sludge (SS) dis-
posal, supported by environmental legislation and the EU
circular economy initiative present key drivers to accelerate
the recycling and recovery of P from SS. Sewage sludge is
rich in nutrients such as nitrogen and phosphorus, however
it contains heavy metals and poorly biodegradable trace
organic compounds, as well as potentially pathogenic organ-
isms, and also may contains waste medicine, plasticizers,
texture fibres, etc.. SS is the second largest source of P. The
only organic waste containing more P is bone meal, but on
a global scale, it is produced in much smaller quantities than
sludge. Moreover, the content of P in SS is much higher
compared to many other kinds of biomass [3]. While, Pradel
and Aissani [4] concluded in their research that production
of 1 kg P from the phosphate rock is more environmen-
tally friendly approach than production of 1 kg P from sew-
age sludge where large amount of energy and reactants are
needed, their analysis did not include the potential deleteri-
ous environmental and health effects of disposing of SS on
land used for food production. The market for P recovery
from waste and SS in particular within the EU will be largely
driven by regulatory instruments. Those EU directives that
considerably influence the recovery of P from SS are:

Sewage Sludge Directive (SSD),

Waste Framework Directive (WFD),

Urban Wastewater Treatment Directive (UWWTD),
Landfill Directive (LD).
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Fig.2 Share of world increase in P fertilizer consumption, 2014—
2018 ( source data based on: FAO 2018)

Due to the legal requirements summarised in Fig. 4, SS
thermal treatment processes have gained greater importance
for sludge management. In EU countries, from 2005 to 2014
a considerable increase of 16.3% in the use of incineration
technologies for SS disposal can be observed, Fig. 5. A con-
siderable decrease in landfilling from 2005 (14.7%) to 2014
(5.6%) and decline in use of sludge in agriculture in 2014
(25.1%) compared to 2011 (47.4%) are most probably the
result of legal restrictions imposed in EU member states.
Bianchini et al. [5] also reported that the EU management
system for SS data lacks homogeneity and reliability. A bet-
ter knowledge of the entire SS cycle dynamics is needed to
allow EU countries to achieve their sustainability and effi-
ciency goals.

Phosphorus in Sewage Sludge

Phosphorous speciation presents a fundamental influencing
factor for P recovery as it determines an element’s mobil-
ity, bioavailability and its recovery efficiency to a consider-
able extent [6]. In the study we used a general term sewage
sludge for all types of sludge domestic or municipal waste
water from anaerobic digestion plant and from agricultural
sources, unless specified. Activated sewage sludge contains
around 1.4 wt% P, while digested (stabilized) sludge has a
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Fig. 3 Phosphate rock reserves (in millions of tonnes)
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Fig.5 Sewage sludge (dry matter) disposal routes in EU-27 in 2005,
2011 and 2014 ( source data based on: Eurostat 2018)

P content of around 0.48-0.77 wt% [7]. Phosphorus in sew-
age sludge may occur in the form of univalent, divalent and
trivalent metal species, mainly as magnesium, calcium, iron
and aluminium salts. Phosphate salts show good solubility
in water, while in case of the second- and third row salts,
only the phosphates of alkali metals (except for lithium) are
highly soluble in water. In SS, phosphorus can be present in
the form of phosphates adsorbed on organic and inorganic
matter and phosphates characterized by labile bonds with
coordination complexes [8]. Total phosphorus (P,,,) present
in SS consists of organic phosphorus (P,) and inorganic
phosphorus (P;) (Eq. 1) [8].

Ptot = Po + Pi (1)

Inorganic P (P;), is phosphorus bonded with hydroxides of
iron, aluminium and manganese or bonded with carbonates.
P; is further classified into non-apatite inorganic P (NAIP)
and apatite P (AP). NAIP is the P fraction associated with
oxides and hydroxides of Al, Fe and Mn, while AP is the P
fraction associated with Ca [9].

Organic P (P,), is phosphorus associated with organic
matter through soluble bonds and phosphorus bonded with
aluminosilicates [9].

In SS, P; accounts for ~90% while P, amounts to~10%
of P, [8]. The inorganic portion of phosphorus in SS is
targeted as that form that is bioavailable. Orthophosphates
are typical inorganic P components [10] and interact strongly
with paramagnetic metals such as Fe and Mn [11]. Polyphos-
phates can occur in ring and branched structures meta- and
ultraphosphates, respectively, although the linear structures
are the most common form in nature. Polyphosphates can
be organic (e.g., adenosine triphosphate (ATP) and other
nucleotide triphosphates), or inorganic [11]. The main met-
als present in the raw sludge are Ca, Fe, Mg and Al and they
are important components that are connected with phospho-
rus recovery [12].

Li et al. [13] carried out the extraction of P from SS with
H,0, NaHCO;, HCI and NaOH and concluded that P is pre-
dominantly soluble in NaOH and that P can be substantially

extracted by both NaOH and HCI. Phosphorus occurs
often in compounds with precipitation agents Fe,(P,0,,)s,
Al(PO3); and as iron and aluminium amorphous phosphates.

The amount of P and the species present in SS depends
also on the sludge quality and degree of treatment. It varies
between primary, secondary and digested form of SS, which
represent the three main types of sludge from waste water
treatment plants (WWTP), as presented in Fig. 6.

Primary sludge is produced during the primary treat-
ment, i.e. screening, grit removal, flotation, precipitation
and sedimentation, when heavy solids, grease and oils are
separated from raw wastewater [14]. Secondary sludge is
produced during biological treatment, when microorganisms
decompose the biodegradable organic content from waste-
water [15]. Digested sludge is sludge stabilised by aerobic
or anaerobic treatment methods [16]. The percentage of
organic and inorganic P in each type of sludge are presented
in Table 1.

With an increase of the degree of SS treatment, the pro-
portion of inorganic, mobile fraction increases. This trend
can be explained by increased mineralization of SS as the
wastewater treatment progresses [17]. Higher percentage of
inorganic P fraction, especially orthophosphate in digested
sludge compared to activated sludge can be explained by
the fact that polyphosphate is possibly released from bacte-
rial cells and hydrolysed into orthophosphate during anaer-
obic digestion [11]. Sludge that underwent treatment had
orthophosphate as the primary P entity [18]. Particular atten-
tion should be paid to a SS retention time in the secondary
sedimentation tank, as if is too long, anaerobic conditions
can be created which would result in P release into waste-
water [11, 17].

Drying

Drying of SS is carried out in order to reduce sludge volume
and make it easier to transport, increase its calorific value,
makes it hygienic, stabilize and if combusted enable efficient
incineration [19, 20]. Based on the sludge application, there
exist different requirements for sludge dry solids (DS) con-
tent. Figure 7 shows the change of DS content with sludge
treatment.

If sludge is to be used for agriculture, the suggested
degree of drying is 60% of DS and more. The same value
applies to sludge co-incineration with waste. For sludge
incineration, the suggested degree of sludge drying is
35-45% of DS (partial drying) or above 90% of DS (if dried
sludge is going to be mixed with sludge of 35-45% of DS
before it is directed to the incineration facility) [21].

During oven-drying (at 105 °C for 24 h) of SS, P
extracted sequentially with HCI remains almost unchanged,
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Table 1 P species in sewage sludge at different stages of treatment (
source data based on: Czechowska-Kosacka, 2016)

Fraction of P Primary sewage Secondary sew-  Digested
sludge wt% age sludge wt%  sewage sludge
wt%
P; —46 -55 ~66
P =53 —45 ~34

with NaHCOj; reduced by 40% while that with NaOH is
increased by 40% compared to the chemicaly pre-treated (in
Fig. 8, the sample after chemical treatment is called ‘treated’
and after drying process ‘dry’) sample. The amount of P
extracted with deionised water and residual P after drying
remain almost unchanged as presented in Fig. 8. However,
the proportion of P content after treatment to after drying
sample can vary significantly depending on a source of SS.
Most of the P in the fresh as well as in the dry sample is
inorganic, P;. In the fresh sample, the P; amounts to around
55-77%, while in the oven-dried sample, the proportion of
inorganic P is around 75-89% [22]. Li et al. [23] confirmed
experimentally that the organic fraction of P was converted
to the inorganic form as the temperature increased during
drying of SS and the bioavailability of P increased as well.

@ Springer
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Thermal Treatment Technologies

Thermal processes make it possible to burn almost every
waste regardless of type and composition. Thermal conver-
sion of sludge into ash is a viable method to concentrate P
and produce a pure, high quality, reliable product [24]. Sew-
age sludge thermal treatment technologies would decrease
waste disposal cost, allow energy recovery, conserve natural
resources and provide new sources of P, which is an essen-
tial, non-renewable element whose shortage poses a signifi-
cant problem on earth [25, 26]. However, the main problem
concerning thermal processes includes the excessive energy
necessary to reach high temperatures, high capital costs, the
need for extensive air pollution prevention equipment [27].
Moreover, SS has a high-water content and therefore some
drying or the addition of supplementary fuels is required to
ensure efficient thermal treatment [1]. Table 2 depicts sludge
utilization methods.

Spreading sludge on agricultural land, although cost-
efficient, is in most aspects the least preferable option from
an environmental point of view. Also energy is required
for transportation, pasteurisation and spreading of sludge.
In co-incineration, sludge is mixed with incombustible
residues from the main firing which results in sewage
sludge ash (SSA) that is unusable for P recycling. Only
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mono-incineration of SS in conjunction with P recovery is
a safe and reliable technique that can be regarded as the
best technology currently available for sludge utilisation
[28]. Moreover, the recovery of P from wastewater or sew-
age sludge is possible, but the recovery rate is less than
50%, while the recovery potential of phosphorus from ash
is around 90%. There are also thermal treatment processes
other than mono-incineration, such as hydro-thermal car-
bonisation (HTC), gasification and pyrolysis. Solid product
from those processes (hydrochar, char and ash) applied for
SS treatment also contains a valuable amount of P. The other
thermal processes enable the removal of organic pollutants
and pathogens, leading to a considerable reduction of waste,
allowing for the recovery of energy and nutrients [29] and
have advantages over combustion in terms of the flue gas
volume and its cleaning and ash treatment [30].

This review paper focuses on thermal treatment pro-
cesses such as combustion, HTC, pyrolysis and gasification
of SS as a pre-treatment for P recovery. Brief comparison
of the main process parameters and products are presented
in Table 3.

Sewage
sludge
Extraction P species | P content
l treated: ~ 38wt.%
HO > Pi&Po
dry: =40 wt.%

Residue

4—.4—

reated:~ 18 wt.%

NaHCOs > Pi& Po {d

Residue

4—.4—

NaOH —» Pi&Po

]

ry: 10 wt.%
¥

t
{ treated: ~10 wt.%
dry: #14 wt.%
Residue
t

N reated:~31wt.%
| dry: ~30 wt.%

Residue

v

H,SO, + H,O, = Residual P

{ treated: ~ 5 wt.%

dry: 4.5 wt.%

Fig.8 P species in fresh and dried sewage sludge from swine manure
from an agitated storage lagoon ( adapted from Ajiboye et al., 2004)

Since phosphorus does not volatilize easily, after thermal
treatment its majority remains in char/ash. For volatilization
of P, high temperatures over 900-1200 °C are needed, and
even then, only 10% of P can be lost by volatilization [31].
Temperature also exerts a considerable influence on specia-
tion of phosphorus during the thermochemical treatment of
SS. Furthermore, P in SSA/char is more stable than P in SS
[32].

In order to improve P availability which is very low in
ash/char, various methods for P recovery from SSA/char
have been developed. When applying wet chemical methods,
P is recovered from SSA by leaching with acidic or alkaline
solutions, or sequentially with acidic and alkaline solutions
[7, 33, 33]. During thermochemical treatment, a chemical
is added to SSA which is then heated to a high temperature
of around 500 °C up to 1000 °C leading to destruction of
organic compounds and the resulting ash is than treated for
P recovery [35]. Thermochemical methods proved to have
many advantages over wet methods for P recovery, as pre-
sented in Table 4.

@ Springer
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Table 2 Sewage sludge utilisation methods

Agricultural use Co-incineration

Mono-incineration

Recovery rate of P from sludge <60% Extraction of nutrients and P-recovery from ash not possible! Recovery rate of P from sludge ash >90%

Table 3 Sewage sludge thermal treatment processes

Process HTC Pyrolysis Gasification Incineration
Endothermic Endothermic Exothermic/endothermic Exothermic
Batch Batch or continuous Continuous Continuous
Atmosphere  In water Oxygen free N,, limited oxygen/addition of water steam Air (excess oxygen)
Temperature ~ 180-250 °C 250-900 °C 500-1800 °C 800-1450 °C
Pressure Autogenous pressure Atmospheric Usually higher pressure Atm. or higher pressure
Products
Liquid Water with small C,H,O,  Bio-oil, tar Tar No liquid product
content (mainly phenols)
Gas CO,, small C,H, content ~ H,, CO, CO,, short C,H,  Syngas (H,, CO), CO,, H,0, N,, short CH,  CO,, H,0, O,, N,
Solid Hydrochar Biochar Char, ash Ash
Table 4 Methods for P recovery from sewage sludge ash
Wet chemical methods Thermal treatment methods
Advantages Disadvantages Advantages Disadvantages

Less expensive;
Retrofitting easily possible;
Good phytoavailability of phosphorus

Only 40% recovery;

phosphorus installations

Compatibility only with biological

90% recovery rate;

Material and energy recovery at the
same time;

Suitable for all types of sewage sludge;

All organic pollutants are destroyed;

Considerable reduction of waste
volume

High investment costs;
Cost intensive

Incineration

Incineration is the best-known waste treatment processes
in general [36]. Incineration has been used as a wastewa-
ter residual management process since the early twentieth
century. It is used not only for energy but also material
recovery. Sewage sludge incineration was first carried out
in the US in the early 1960's, and is now a well proven
technology with hundreds of plants installed worldwide.
Sludge combustion has numerous advantages that do not
exist in other treatment alternatives, such as reduction of
sludge volume to a small, stabilized ash, which accounts
for only about 10% of the volume of mechanically dewa-
tered sludge [30, 37, 38]. Incineration of SS requires previ-
ous dewatering to at least 28% dry solids for the process to
be self-sustaining, i.e. without need for external heat input
[39]. Furthermore, all organic compounds are destroyed,
while phosphorus and heavy metals are transferred to ash
[40, 40]. The main components of incinerated sewage
sludge ash (ISSA) are SiO,, CaO, Al,O;, Fe,05, MgO and

@ Springer

P,05 while the precise composition varies depending on
the wastewater quality, applied treatment and other condi-
tions [42]. The use of ISSA as a fertilizer is limited due to
its heavy metal content and reduced P availability and is
one of crucial reasons why the recovery of P from ISSA
is gaining interest. ISSA contains a significant amount
of P as stated earlier [43, 43]. It contains approximately
22.5% of P,05_which is close to the content of P,O5 in
natural phosphate rocks (28.05%) [45]. Most of the P is
concentrated in fly ash which contains high amount of
phosphorus, typically 10% to 20% mass as P,Os [46]. In
ISSA produced at a temperature over 700 °C water insolu-
ble hydroxyapatites are formed [47], and the phosphorous
compounds can be unsuitable for agriculture use as they
are bio-unavailable [48, 49]. However, recently Wang et al.
[50] published a method which allows the extraction of
about 80% of P from ISSA recovered as struvite. Herzel
et al. (2016) [33] also showed a high recovery potential of
P. Incineration of SS is often conducted at a temperature
of about 850 °C since at this temperature, P forms volatile
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oxides, which then condense upon cooling, forming P,05
that is a component of fly ash retained by filters [7].
Commonly used reactors for SS incineration are fluid-
ized bed reactors which provide reliable process conditions
for mono-combustion [51]. Nevertheless, it is a technol-
ogy with high capital and operating costs and with limited
energy recovery, but also with a high P recovery potential
[52]. Fluidized bed technology has been used since 1922,
when Fritz Winkler patented its application for gasifica-
tion at BASF in Ludwigshafen, Germany. Since then it has
received wide applications, especially in combustion, as
it represents an efficient combustion system, able to burn
not only coals but also low-quality fuels and wastes [52].
Fluidized bed technology has been successfully used for
sludge incineration due to many advantages such as:

— the fluidization of the bed material and the fuel particles
have a three-dimensional motion of the solids provides
good mixing conditions in both horizontal and vertical
directions. This effective mixing behaviour results in
even temperature and fuel distributions within the com-
bustion chamber which is a significant advantage com-
pared to grate furnaces and pulverized fuel incinerators
[39]:

— FBC have high heat transfer rates due to the even tem-
perature distribution and temperature levels (typically
850 °C) so no thermal NO, is produced [53];

— the large surface area of an inert bed material that allows
efficient heat transfer and results in complete combus-
tion at relatively low temperatures and excess air levels
(25-50%);

— the freeboard, which acts like a post-combustion cham-
ber, provides complete thermal destruction of the organic
substances [54];

— the large inventory of hot inert bed material prevents a
sudden temperature changes, since any short-term major
variations in the sludge composition or water contents are
stabilized by the large heat reservoir [55].

For combustion of SS, both circulating fluidized bed
(CFB) and bubbling fluidized bed (BFB) based technologies
can be applied. BFB furnaces are used for mono-combustion
of SS, while CFB technology is mainly considered for co-
combustion of the sludge with coal, biomass, or other fuels
[56]. Li et al. [57] reported that after fluidized bed combus-
tion of SS, 89.3% of the P was enriched in SS bottom ash
and 5.6% was distributed in fly ash. Cammarota et al. [58]
reported that the SS palletisation plays an important role
in fuel conversion and results in a stable and efficient com-
bustion behaviour in fluidized bed combustors in terms of
low elutriation of unburnt species. Nevertheless, cleaning
processes are necessary to reduce gaseous and particulate
emissions.

A high recovery rate of P from ISSA has been reported in
many studies. Kriiger et al. [59] investigated the composition
of 252 ISSA samples collected from 24 mono-thermal treat-
ment facilities for SS in Germany and found that the mean
content of P in ISSA amounted to 7.9%, highlighting its
important recovery potential. Takahashi et al. [60] reported a
high rate of P recovery from combustion ash of SS, by mix-
ing the ash with sodium hydroxide or sodium carbonate and
treating the mixture at 750 °C to 900 °C under aerobic con-
ditions. The P was successfully recovered as an alkali metal
phosphate from the treated ash through water extraction with
the recovery rate of the P reaching 78%. A P recovery rate of
99% from combustion ash can be achieved using a 10 min
extraction by 14% H,SO, and a solid to liquid ratio of 2 [46].
P recovery from SS can be also conducted by electrodialytic
separation. The negative side of this process is that it is time-
consuming, but the big advantage is that it removes heavy
metals simultaneously from ash [41]. Additional treatment
of ashes is needed to increase the bioavailability of P and
remove heavy metals in order to use the ash as a fertilizer
[43, 43]. Gorazda et al. [62] reported a combustion tem-
perature of 950 °C as the best condition for downstream
phosphorus extraction from ash. Acid leaching resulted in
nearly 85% recovery of P with both sulphuric acid and oxalic
acid for sludge combusted at 900 °C [63]. Kasina et al. [64]
investigated the chemical and mineralogical characteristics
of ISSA obtained from Veolia’s fluidized bed incinerator for
SS (Pyrofluid) at 850-900 °C and concluded that elements
which are characterized by high melting temperatures con-
centrate in the ISSA, while elements that are characterized
by lower melting temperatures (e.g. Sn and Hg) concentrate
in the air pollution control (APC) residues. Moreover, over
17 wt% of P,0Os accumulated on average in the ISSA, result-
ing in a considerable amount of P that can be recovered.
Franz [44] analysed SSA obtained from two fluidized bed
incinerators in Switzerland when sludge with 30% dry solids
was incinerated with oil at a temperature of 830-850 °C.
The ISSA contained between 9 and 21% P,05 and extraction
with H,SO, 12-14% by weight for 10 min with L:S ratio of
2 showed it to be the most favourable condition for P recov-
ery. Moreover, extraction of P from ISSA with sulphuric
acid results in the lowest amount of heavy metals, compared
with other acids [65]. The sampling period also appears to
influence the P content in ISSA. P content is seen to decline
during the summer months with a minimum reached around
June, July, and August. The P content increased toward Feb-
ruary and March. However, the reason for such a trend is yet
unclear. A possible explanation can be found in varying food
habits and leisure time behaviour during different seasons,
however this requires further investigated [59]. Combus-
tion of SS is a well-known and controllable process, but
due to emissions of nitrogen oxides, heavy metals, and other
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harmful compounds, it raises many concerns and requires
large investments for the cleaning of flue gases [66].

Pyrolysis

Pyrolysis is a process where the decomposition of organic
material occurs in an inert atmosphere at moderate tempera-
tures [67]. It also represents the first step in gasification and
combustion processes, which is followed by cracking and/or
oxidation of gaseous products and oxidation of char [68—70].
Pyrolysis can be used effectively to recover both energy and
the P present in SS [71]. For pyrolysis sludge moisture con-
tent must be around 15% [16]. The proportion of all three
products, i.e. gas, liquid and biochar, depends considerably
on the pyrolysis method and reaction parameters [72]. A
considerable amount of P is present in the solid process resi-
due, char/biochar [73]. With an increase of temperature, the
yield of char decreases [74, 73], as the pyrolysis temperature
rises from 500 to 900 °C, the yield of char reduces from 63
to 53 wt% [1]. That was also concluded by Jin et al. [75] and
Park et al. [76] who reported the highest SS char yield at a
temperature of 400 °C and a decrease with further increase
of temperature. Lu et al. [77] found that the surface area of
char from SS pyrolysis increases with temperature and that
the P remains in solid phase (char) while partitioning into
the other phases, i.e. liquid and gas is to a much lower extent.
Different types of pyrolysis processes exist depending on the
product selected [78], as presented in Table 5.

For P recovery from SS, slow pyrolysis plays an impor-
tant role and should be taken into consideration. Barry et al.
[79] concluded that slow pyrolysis of SS produced the best
char in terms of yield, heating value (on a dry basis), and sta-
bility. Hossain et al. [73] conducted pyrolysis of digested SS
in fixed bed horizontal tubular reactor at four different tem-
peratures 300 °C, 400 °C, 500 °C and 700 °C. The P present
in the pyrolysis char was the highest at 400 °C and decreased
with temperature. Bridle and Pritchard [71] described results
from pilot-scale installation where during a slow pyrolysis
at 450 °C all the P from SS was retained in char. Moreover,
the usage of pyrolysis technology and its formed products
could potentially reduce environmental pollution [80, 81],
and biochar added to soil can increase C sequestration and

Table 5 Different types of pyrolysis processes

improve soil quality. However, heavy metal deposition in
char can be a potential hazard.

Hydrothermal Carbonisation

Hydrothermal carbonisation (HTC) is a wet thermochemi-
cal process in a closed system that operates under autogenic
pressure and relatively low temperature compared to the
other thermal processes mentioned [82]. HTC does not
require a specific atmosphere [83-85]. Reactions in HTC
mostly occur in the liquid phase with hydrolysis considered
to be the first step [86, 87]. Since the HTC process proceeds
in a closed system, the phase change of the moisture does not
occur so consequently the latent heat of vaporisation is not
utilized in the process [88]. It requires less energy compared
to other thermochemical treatment processes, and results in
a stable solid product [89]. The hydrothermal process is
characterized by high liquid yields, as its content is very
high at the start of the process and almost does not change.
During the reactions a small amount of CO, is emitted as the
main gas product, and the ratio of solid product to liquid is
much lower than in pyrolysis [84, 90]. Moreover, the igni-
tion temperature of the hydrochar is higher and is safer for
handling, transportation and storage than dry SS [91]. HTC
represents an attractive technique for the conversion of SS
to valuable products [92]. The process accumulates signifi-
cant amounts of P from the SS within the hydrochar [93],
however phosphate is bound in stable iron- and aluminium-
associations [94]. Schneider and Haderlein [95] estimated
that total P in SS hydrochar was around 46.5 mg P g~!. HTC
process converts phosphate to inorganic phosphate salts in
hydrochar, and conducted in temperature over 180 °C led
to transformation of NaOH-extractable phosphate species
into HCl-extractable phosphate species [96]. Takahashi et al.
[97] reported 58-71% P recovery from carbonized SS by
hydrothermal treatment when an NaOH solution was added.
Besker et al. [94] conduct an acid leaching to remove P from
hydrochar produced from waste water anaerobic digested
sludge with a yield between 59 and 98%.

Pyrolysis type Residence time

Residence time (for Heating rate °C/min

Temperature °C Main product

(for vapour) solids)
Flash, fast <2s Short High 900-1300 Liquid (single phase) or vapour
Intermediate 10-30s From s to min Medium 400-600 Liquid (two phases: water and
tar phase), solid (char) and
gas
Slow minutes From min to h Low 300-550 Solid (biochar)
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Gasification

Gasification at high temperatures converts carbonaceous
materials by partial oxidation in some cases in the pres-
ence of steam to synthesis gas (syngas), ash and eventually
char [98]. This process offers a sustainable method for SS
management that takes into account the concept of a cir-
cular economy (CE) [45]. Gasification of SS has not been
as widely applied as combustion, due to the complexity of
the technology and its higher investment and operational
costs [99]. Nevertheless, it can be assuming that this process
is a successful solution for P recovery, since due to reduc-
tive atmosphere during the process, inorganic compounds
are moved into the solid phase, which presents a promis-
ing source of phosphorus [45]. Gasification can operate
with SS with 75% moisture content [16]. The solid fraction
obtained from the gasification of SS contains around 20 wt%
P,05 [100]. Furthermore, direct application of the gasifica-
tion char as a fertilizer is limited due to presence of heavy
metals, as well as due to the low plant availability of the
P. For these reasons, the investigation of P recovery from
gasification char has increased in importance [101]. Among
the different reactors that exist for gasification of SS, fixed
and fluidized bed are mainly used. Fixed bed gasifiers have
simple construction and show good thermal efficiency. With
fluidized bed reactors, higher gasification efficiency can be
achieved compared to fixed bed, due to better mass and heat
transfer, but on the other hand sintering of SS and bed mate-
rial can occur [102]. Atienza et al. [103] studied the extrac-
tion of P from SS char combustion and char gasification
ash by means of acid leaching. 90% of the P present in char
combustion ash and in char gasification ash can be recov-
ered using sulphuric and oxalic acid. P recovery rate using
oxalic acid is higher compared to sulphuric acid, especially
for char combustion ash obtained at 600 °C to 750 °C. When
using sulphuric acid, P recovery from char combustion ash
obtained at 900 °C is higher than from ash obtained at lower
temperature, under the same extraction conditions. Viader
et al. [104] carried out a comparative analysis between an
ISSA from sludge combustion in fluidized bed combustor
(FBC) and a SSA from gasification in low-temperature flu-
idized bed gasifier. They reported that the content of P was
little higher in gasification ash compared to that produced
from the incineration process.

Transformation of P in Sewage Sludge
During Thermal Treatment

Water-soluble phosphorus (Pyg) in SS presents good indica-
tor to test the runoff P (Rygp) in treated SS. Its proportion in
SSA from char (SSA/C) can be calculated using the Eq. (2).

Pws
RWSP = — % 100%
Poot @

where Py is the amount of P extracted by water (mg/g)
from SSA/C, and P, is the theoretical P content (mg/g) in
SSA/C. Ryygp in SSA/C amounts to no more than 2.5%, while
Rygp in SS is higher and it is around 20%. Py in SSA/C
decreases with an increase of temperature which leads to
conclusion that thermal treatment increases the stability of
P in SSC/A [32].

P in SS consists of organic and inorganic P as mentioned
earlier. Organic P is usually transformed into ortho-P and
pyro-P during thermal treatment [105]. A high importance
should be attached to the transformation of ortho-P as it
comprises around 75 wt% of total P [32]. The thermal treat-
ment process and temperature are two critical factors for the
speciation evolution of P. At lower temperature, i.e. 400 °C,
pyro-P is produced due to dehydration of M,(HPO,), or
M(H,PO,), and transformation of organic P in the sludge.
With an increase of temperature, the proportion of pyro-P
decreases to a considerable extent and its production within
the temperature range of 700—800 °C is inhibited [11, 32,
73]. Some soluble ortho- and pyro-P, which is rare in SSA/C
can be easily dissolved in NaHCO;—solution thus form-
ing NaHCO;-P. Some Al, Fe—P compounds that are formed
are insoluble and can be extracted by NaOH solution. At
high temperature, reactions between inorganic P and metal
ions can occur resulting in the formation of P-containing
minerals [106, 106]. Nevertheless, the mechanism of trans-
formation of P to minerals at higher temperatures remains
unclear. These P minerals and other more stable species,
such as insoluble Ca, Mg-P can only be extracted by HCI
solution, thus forming HCI-P [32]. One study reported the
influence of particle size of ISSA on transformation of P
species. Namely, Li et al. [13] found out that AP was the pri-
mary component in the fly ash at 850 °C. and increased with
decreasing particle size, whereas NAIP exhibited the oppo-
site tendency, and became stable when the particle size was
less than 37.5 pm. Furthermore, the formation of calcium
phosphate (Ca;(PO,),), calcium pyrophosphate (Ca,P,0-),
and hydroxyapatite (Ca5(PO,);(OH)) at high temperatures
during combustion was reported by Wang et al. [93]. Some
studies reported the presence of CagFe(PO,); in crystalline
form in incinerated sewage sludge ash [108]. P present in
ISSA is usually as insoluble calcium and aluminium phos-
phate minerals which are poorly bioavailable [109]. Gondek
et al. [110] found that during the pyrolysis of SS, the con-
tents of Py decreased. Also, SSA from low temperature
gasification contains very little P available to plants [111].
As reported by some researchers, metaphosphate and the P
associated with C bridged by O were the main species in
pyrolysis biochar [112]. Wang et al. [93] found that during
HTC, an acidic feed water pH favoured the transformation
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Table 6 Technologies for

Technology Product Recovery principle P recovery rate ~ References
recovery of P from SSA
ASH DEC Mg-SSA Thermal >95% [113, 114]
ASH DEC Rhenanit (CaNaPO,) Thermal ~98% [115,113,114]
Mephrec P- rich slag (5-10% P) Thermal ~80.5% [115,116]
Kubota P- rich slag (~13% P) Thermal >80% [117]
RecoPhos Ca- and Mg- phosphates ~ Wet chemical ~98% [118]
Leachphos Ca-phosphate or struvite ~ Wet chemical 70-90% [119]
EcoPhos Phosphoric acid, dical- Wet-chemical ~97% [115]
cium phosphate

PASCH Ca-phosphate Wet-chemical ~80% [119]
Sephos Ca-phosphate Wet chemical ~90% [120]
SESAL-PHOS  Ca-phosphate Wet chemical 74-78% [121]

of AP to NAIP and of P, to P;, while an alkaline environ-
ment promoted transformation of NAIP to AP and a small
portion of the P, to P,. However, the available information
on the above topics found in literature is limited and more
investigations are needed.

Overview of Some Existing Technologies
with High Recovery Rate of P from SSA

The concentration of P in SSA depends on the sludge qual-
ity, process temperature and P recovery treatment method
used. In Table 6 an overview of various technologies used
for P recovery from sludge ash is presented. The Centre for
Solar Energy and Hydrogen Research Baden-Wiirttemberg
in Germany is currently developing an innovative sustain-
able process for simultaneous SS fluidized bed combustion
and recovery of phosphorus in a Ca reach bed. They are
trying to extract the ash during the incineration process by
adding material containing Ca, i.e. limestone which binds
the phosphorus as calcium phosphate during incineration.
Researchers optimize the system by varying individual
parameters of the fluidized bed process and the amount of
additives.

Conclusion

Sewage sludge thermal treatment technologies present a
promising option for sewage sludge management which is in
compliance with EU legal requirements and for phosphorus
recovery whose reserves have been considerably depleted.
Many technologies for the recovery of P from sewage sludge
ash and char have been developed so far. However, relatively
few studies on the P transformation during sewage sludge
thermal treatment have been reported in a limited degree and
more investigation is needed as it plays a crucial role in the
development of suitable strategy for P recovery. Fluidised

@ Springer

bed technology has a high P recovery potential. Depending
on the process conditions during incineration a significant
amount of P can be found in the bottom or fly ash. With an
increase in the thermal treatment temperature the content of
water soluble P from SS decreases. Some methods have been
developed for the effective transformation of P from thermal
process residue (ash/char/hydrochar) and with the addition
of minerals a struvite crystals are formed.
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